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RESUMEN 
Bacillus thuringiensis (Bt) se distingue de otras bacterias del género Bacillus por su 
capacidad de sintetizar d-endotoxinas (Cry y Cyt) que característicamente se 
agregan formando uno o más cristales paraesporales. Todas estas proteínas han 
sido clasificadas en distintas familias las cuales tienen actividad contra insectos 
de distintos órdenes, incluido el orden Coleoptera. En esta tesis doctoral se ha 
realizado una revisión actualizada de todas las proteínas insecticidas, que 
produce Bt, para las cuales se ha descrito actividad contra especies del orden 
Coleoptera. El objetivo de la tesis ha sido realizar una búsqueda de nuevos genes 
cry con la finalidad de aumentar la batería de toxinas Bt disponibles para el 
control de las plagas causadas por coleópteros. Dicha búsqueda se ha centrado 
en dos cepas Bt, seleccionadas en un screening previo, para lo cual se abordó la 
secuenciación masiva del DNA genómico de cada una de ellas.  
El contenido génico de la cepa BM311.1 reveló la presencia un gen nuevo cry7 
que codificaba para una proteína que se denominó Cry7Aa2 por compartir una 
identidad del 98% con la proteína Cry7Aa1 previamente descrita. A pesar de esta 
elevada identidad, estas dos proteínas mostraron diferencias en su actividad 
contra larvas de Leptinotarsa decemlineata. Mientras que la proteína Cry7Aa1 solo 
es tóxica cuando el cristal ha sido previamente solubilizado in vitro, la proteína 
Cry7Aa2 es tóxica directamente tras ser ingerida en forma de cristal. Esto 
representa una clara ventaja práctica de Cry7Aa2, con vistas a su utilización como 
bioinsecticida, mientras que ambas son igualmente útiles para la obtención de 
plantas transgénicas resistentes frente a L. decemlineata.  
Los resultados de este trabajo son científicamente relevantes y pueden ser 
utilizados para el diseño de nuevas estrategias para el control de plagas de 
insectos, ya sea creando nuevos bioinsecticidas o construyendo nuevas plantas 
transgénicas.  
 9 
ABSTRACT 
Bacillus thuringiensis (Bt) is distinguished from other bacteria of the genus Bacillus 
for its ability to synthesize d-endotoxins (Cry and Cyt) that characteristically 
aggregate forming one or more parasporal crystals. All these proteins have been 
classified into different families which have activity against insects of different 
orders, including the order Coleoptera. In this doctoral thesis, an up-to-date 
review of all the insecticidal proteins produced by Bt has been carried out, for 
which their activity against coleopteran species has been described. The aim of 
the thesis was to initiate a search for new cry genes in order to increase the 
number of Bt toxins available for the control of pests caused by Coleoptera. This 
study has been focused on two Bt strains, selected in a previous screening, for 
which sequencing of their genomic DNA was performed. 
The gene content of strain BM311.1 revealed the presence of a new cry7 gene that 
was named cry7Aa2 since it shared a 98% identity at the amino acid level with 
the previously described Cry7Aa1 protein. Despite this high identity, these two 
proteins showed differences in their activity against Leptinotarsa decemlineata 
larvae. While the Cry7Aa1 protein was only toxic when the crystal had been 
previously solubilized in vitro, the Cry7Aa2 protein showed toxicity directly after 
being ingested as a crystal. This represents a clear practical advantage of Cry7Aa2 
over Cry7Aa1 towards its use as a bioinsecticide, while both are equally useful 
for obtaining transgenic plants resistant to L. decemlineata. 
The results of this thesis are scientifically relevant and can be used to design new 
strategies for the control of insect pests, either by creating new bioinsecticides or 
by engineering new transgenic Bt-plants. 
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Chapter I. INTRODUCTION 
Insecticidal activity of Bacillus thuringiensis proteins 
against coleopteran pests 
GENERAL INTRODUCTION 
The use of entomopathogenic microorganisms as biological control agents has 
become one of the most effective alternatives to chemical pest control. Among all, 
the Gram-positive bacterium Bacillus thuringiensis (Bt) is the most important 
entomopathogenic microorganism used to date in crop protection. This 
bacterium is widely distributed in various ecological niches, such as water, soil, 
insects, or plants (Raymond et al., 2010). The feature that distinguishes B. 
thuringiensis from other members of the Bacillus group is the capacity to produce 
parasporal crystalline inclusions. These crystals are composed of proteins (Cry 
and Cyt), toxic against an increasing number of insect species from the orders 
Lepidoptera, Diptera, Coleoptera, Hymenoptera and Hemiptera, among others, 
as well as against other organisms such as mites (Schnepf et al., 1998) and 
nematodes (Wei et al., 2003). Bt also synthesizes insecticidal toxins associated to 
the vegetative growth phase, named Vip (Vegetative insecticidal protein) and Sip 
(Secreted insecticidal protein), which are secreted into the growth medium 
(Palma et al., 2014). These toxins are uniquely specific, safe and completely 
biodegradable, and have been used for more than 60 years as an alternative to 
chemical insecticides (Nester et al., 2002). Products based on Bt isolates are the 
most successful microbial insecticides, with current worldwide benefits 
estimated in $8 billion annually (Portela-Dussán et al., 2013). The insecticidal 
activity of Bt toxins has also been transferred to crop plants through genetic 
engineering, providing very-high protection levels against injurious pests and 
decreasing the use of chemical insecticides in many instances (Bravo et al., 2011; 
James 2017). The success of these insecticidal proteins has fuelled the search for 
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new Bt isolates and proteins that can render novel insecticidal agents with 
different specificities. 
Ecology, biology and infection 
Bacillus thuringiensis is a worldwide distributed Gram-positive sporulating 
bacterium. Although Bt is associated to soil environments, the enduring spore 
has allowed its adaptation to most habitats, including polar soils (Martin and 
Travers 1989). It is also common to find Bt isolates in dust samples from stored 
products and in places with high insect densities (Meadows et al., 1992; Kaelin et 
al., 1994). In fact, some of the strains used in commercial products have been 
isolated from dead insects (Kurstak 1962; Krieg et al., 1983). It is also possible to 
find isolates in foliar surfaces (Smith and Couche 1991; Damgaard et al., 1998), 
aquatic environments (Goldberg and Margalit 1977) and even in marine 
sediments (Maeda et al., 2000).  
B. thuringiensis is a facultative pathogenic bacterium that can also grow in the 
environment outside its host, although insects are considered the optimal site for 
multiplication and exchange of genetic material (Jurat-Fuentes and Jackson 
2012). The Bt life cycle can be divided in two phases: the vegetative growth and 
the sporulation stages (Schnepf et al., 1998). Cells grow and reproduce as long as 
the nutrients are available and form a spore resistant to adverse environmental 
conditions. The infective cycle begins once Bt spores along with crystalline 
inclusions are ingested by an insect host and reach the midgut, where the 
proteins are solubilized and proteolytically activated. The toxins are then able to 
bind to specific receptors in the cell membrane and form a pore, that produces 
cell lysis (Bravo et al., 2007, 2011) and permits entry of the spores  into the 
hemocoel where they germinate in the nutrient-rich and neutral-pH hemolymph, 
leading to septicaemia (Raymond et al., 2010). Both cell disruption of the insect 
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midgut and septicaemia derived from vegetative growth in the hemocoel, cause 
insect death. 
Characteristics and classification of B. thuringiensis insecticidal proteins 
Since Schnepf and Whiteley (1981) cloned the first cry gene in the early 1980’s, 
many others have been described and are now classified according to Crickmore 
et al., (2018). This system consists of four ranks based on amino acid sequence 
identity, with the maximum values shared by proteins in the primary (Arabic 
number), secondary (capital letter) and tertiary (lower case letter) ranks of 45%, 
78% and 95% identity, respectively. One last Arabic number is used to indicate 
differences in proteins sharing >95% sequence identity (Figure 1). To date, the Bt 
Toxin Nomenclature Committee (Crickmore et al., 2019) has reported at least 78 
Cry protein groups, from Cry1 to Cry78, divided into at least three 
phylogenetically non-related protein subfamilies that may have different modes 
of action: the three domain Cry toxins (3D), the mosquitocidal Cry toxins (Mtx), 
and the binary-like toxins (Bin) (Reviewed in Bravo and Soberón, 2005; 
Crickmore et al.,, 2018). 
 
Figure 1. Schematic overview of current nomenclature (Crickmore et al., 2019) 
The largest group, with more than 53 Cry toxin subgroups, is the 3D-Cry. Even 
though the sequence identity among these proteins is low, the overall structure 
of the three domains is quite similar, providing proteins with different 
specificities but with quite similar modes of action (de Maagd et al., 2001). Thus, 
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proteins such as Cry1Aa (Lepidopteran specific) and Cry3Aa (Coleopteran 
specific) have a 32.5% identity but a structural similarity as high as 98% (Pardo-
López et al., 2013). Phylogenetic analysis shows that the great variability in the 
insecticidal activity of this 3D-group has resulted from the independent 
evolution of the three structural domains as well as from the swapping of domain 
III between different toxins (de Maagd et al., 2001). 
Bacillus thuringiensis against Coleopteran pests. 
Coleopteran pests cause serious damage to crops and stored products, leading to 
significant economic loses worldwide (Oppert et al., 2010a; Yu et al., 2016). Beetles 
are the largest order in the class Insecta, and both, larvae and adults, have strong 
jaws, able to feed on a wide variety of plant substrates, such us roots, stems, 
leaves, grains or wood. Although most of the proteins described so far show 
activity against lepidopteran insects, some Bt proteins have demonstrated 
activity against coleopterans (http://www.btnomenclature.info/). To date, 41 Cry 
proteins, 2 Cyt proteins, 11 Vip proteins and 2 Sip proteins have been reported 
active against Coleopteran pests. In this review we provide an update on the 
activity of Bt toxins against coleopteran pests.  
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THE CRYSTAL COLEOPTERAN-ACTIVE PROTEINS 
Bt crystal proteins (δ-endotoxins) are produced during the stationary growth 
phase and have been isolated from a wide range of insect pests. These crystal 
inclusions are usually formed by Cry and Cyt proteins and, as mentioned above, 
they are toxic to a wide variety of insect species. Most of the information on the 
insecticidal properties has been obtained for the Cry3 family, and only a few data 
come from other Cry families. The Cyt proteins constitute a smaller group, 
mainly active against dipterans, although some Cyt proteins are toxic to 
coleopteran pests and increase the potential damage of certain Cry toxins 
(Soberón et al., 2013). 
Protein structure and function 
As mentioned above, Bt Cry proteins can be basically subdivided into three 
different groups according to their homology and molecular structure: the three-
domain group, the ETX/MTX-like and the binary toxins. The 3d-domain proteins 
constitute the largest and best studied group, although there is increasing 
information on the Non-three-domain and de Cyt proteins. 
The three domain group toxins. All 3d-Cry proteins are produced as protoxins 
of two main sizes, 130 and 65 kDa. The 130 kDa proteins share a highly conserved 
C terminus containing 15-17 cysteine residues, which is dispensable for toxicity 
but necessary for the formation of intermolecular disulphide bonds during 
crystal formation (Bietlot et al., 1990; de Maagd et al., 2001). This group includes, 
among others, Cry1, Cry4 and other coleopteran active toxins such as Cry7A or 
Cry8. The structure of the smallest protoxins is quite similar to the N-terminal 
half of the largest toxin group. Since these do not contain the C-terminal 
extension, they require, in some cases, the presence of accessory proteins for 
crystallization (Agaisse and Lereclus 1995; Berry et al., 2002). This second group 
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includes Cry2A, Cry11A and some toxins active against Coleoptera, such as 
Cry3A or Cry3B. Proteolytic cleavage of the N-terminal peptide and the C-
terminal extension (in the long Cry protoxins) yields active ≈60 kDa protease-
resistant fragments (de Maagd et al., 2003a). By X-Ray crystallography, the 
tertiary structure of seven 3d-Cry domain active proteins, Cry1Aa, Cry2Aa, 
Cry3Aa, Cry3Bb, Cry4Aa, Cry4Aa, Cry4Ba and Cry8Ea has been determined (Li 
et al., 1991; Grochulski et al., 1995; Galitsky et al., 2001; Morse et al., 2001; 
Boonserm et al., 2005, 2006; Guo et al., 2009). Among all, Cry3Aa, Cry3Bb and 
Cry8Ea have been defined as coleopteran-specific proteins. Using the FATCAT 
server (Ye and Godzik 2004), the structure alignment between these anti-
coleopteran proteins is significantly similar, despite their low sequence identity. 
Pardo-López et al., (2013) analysed the structural similarity between Cry1Aa and 
the other 3d-Cry proteins aforementioned, indicating the same structural 
likeness. The marked similarity in terms of structure of the three domain 
proteins, despite the low sequence identity and the differences in specificity, has 
rendered different proteins with similar modes of action.  
Domain I (pore-forming domain) consists in six α-helix surrounding a 
hydrophobic helix-α5. This domain, which shares strong similarities with the 
structure of the pore-forming domain of α+PTFs colicin A, might be responsible 
for membrane penetration and pore formation. The binding domain II is 
constituted by three antiparallel β-sheets packing together and has an important 
role in receptor binding affinity. Finally, domain III is a two-twisted anti-parallel 
β-sheet and is also involved in receptor binding and pore-formation (de Maagd 
et al., 2003a; Xu et al., 2014). Although it has been demonstrated that domains I 
and II have co-evolved over the years, swapping by homologous recombination 
of domain III has also been reported (de Maagd et al., 2001; Yamaguchi et al., 
2008b). Local alignment of Coleopteran-active Cry3, Cry7 and Cry8 shows that 
domain I was strongly conserved while domains II and III diversified 
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(Yamaguchi et al., 2008b). Bt might use this mechanism to get adapted to a new 
insect host, which may explain the great variability in the biocidal activity of the 
3d-Cry proteins. 
Non-Three-Domain Cry toxins. In addition to the 3d-Cry proteins, there are 
some unrelated Cry proteins that are also designated by the Cry nomenclature: 
The ETX/MTX-like toxins and the Binary (Bin) toxins (Palma et al., 2014). The 
structure and function of MTX proteins are still unclear, although the similarities 
with the Clostridium perfringens epsilon toxin (close related to aerolysin) seem to 
indicate that they may have a β-sheet-based structure and a pore-forming activity 
(Bokori-Brown et al., 2011). It is important to notice that, while most of them have 
activity by themselves, the MTX-like Cry23 acts as a binary toxin with the Cry37 
protein to induce mortality on Tribolium castaeneum (Tenebrionidae) or Popillia 
japonica (Scarabaeidae) (Donovan et al., 2000). In addition to Cry23/Cry37, other 
binary toxins have been reported. Cry34Ab and Cry35Ab are required to act 
together to cause mortality in Diabrotica undecimpunctata (Ellis et al., 2002; Baum 
et al., 2004). Crystal structures of Cry35Ab and Cry34Ab have also been 
published. Cry35Ab shows an aerolysin-like fold, containing a β-trefoil N-
terminal domain similar to the carbohydrate-binding domain in Mtx1. Cry34Ab 
is also a member of the aerolysin family with a β-sandwich fold, common among 
other cytolytic proteins (Kelker et al., 2014). These structural similarities, coupled 
with the fact that Cry34Ab has some activity against the Western Corn Rootworm 
(WCR) on its own (Herman et al., 2002), seem to indicate that Cry35 acts as a 
receptor of Cry34, mainly responsible for the toxicity. However, the mechanism 
of interaction between proteins is still unknown.  
Cyt proteins. Similar to the Cry proteins, Cyt proteins are produced as protoxins 
with a proteolytic activated size of around 25 kDa (Soberón et al., 2013). 
Characterization of a Cyt1Ca protein suggests a C-terminal end of the Cyt 
 17 
domain similar to a carbohydrate binding domain of ricin, indicating a receptor-
binding ability, but no toxicity was observed for Cyt1Ca (Manasherob et al., 2006). 
As with some Cry proteins, the tertiary structure of some Cyt proteins has been 
already solved. Cyt1Aa (Cohen et al., 2011), Cyt2Aa (Li et al., 1996) and Cyt2Ba 
(Cohen et al., 2008) show a similar structure composed by a single a-b-domain, 
with two outer layers of a-helix wrapped around a b-sheet. Studies performed 
with peptides of Cyt1A show that a-helix peptides are major structural elements 
involved in membrane interaction (Gazit et al., 1997) and also in the 
oligomerization process (Promdonkoy et al., 2008), while the b-strand forms an 
oligomeric pore with a b-barrel structure into the membrane (Li et al., 1996). Cyt 
proteins that enhance the insecticidal damage of certain Cry toxins were also 
observed. The Cyt1Aa protein from Bt sub. israelensis increases activity of 
Cry11Aa by acting as a membrane receptor for the Cry protein (Pérez et al., 2007). 
Cyt1A also supresses high levels of Cry3A resistance against Chrysomela. scripta 
(Coleoptera: Chrysomelidae) larvae, although the mechanisms of action have not 
been elucidated (B. A. Federici and Bauer 1998). Overall, these data indicate that 
synergism by Cyt toxins is an excellent strategy to overcome resistance to Cry 
proteins. 
Insecticidal activity 
As far as is known, the vast majority of Cry proteins described to date are toxic 
to lepidopteran pests, but there are also a few crystal proteins toxic to either 
coleopteran or dipteran insects, and a small number are toxic to nematodes 
(Federici et al., 2006). Currently, 41 Bt proteins have been tested against different 
coleopteran insects (Table 1). Single crystal proteins account for most of the 
insecticidal activity against coleopteran pests, but there are also a few reports on 
the toxicity of binary, Cyt, Vip and Sip proteins. 
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Host range. Cry proteins are toxic to a large number of beetle pests. Mainly, the 
Cry3 group, the best studied one, is found to be toxic against most of the 
coleopteran species assayed. These Cry proteins, encoded by cry3 genes, were 
first discovered in the subspecies tenebrionis (Krieg et al., 1983) and san diego 
(Herrnstadt et al., 1986) although, years later, both strains turned out to be the 
same serovar (De Barjac and Bonnefoi 1990). Since then, more isolates like Bt 
subsp. tolworthi, kumamotoensis or kurstaki (BTI109P) have been reported to 
encode a cry3 gene (Rupar et al., 1991; B Lambert et al., 1992). Owing to the well-
known activity to some of the most important coleopteran pests, such as L. 
decemlineata or Diabrotica spp., some of these isolates have been developed as 
bioinsecticides for beetle control (Federici et al., 2006). Cry3Aa, Cry3Ba, Cry3Bb 
and Cry3Ca proteins have demonstrated activity against most of the major 
coleopteran families, including Chrysomelidae, Curculionidae, Scarabaeidae and 
Tenebrionidae, among others (Table 1). Although Cry3 proteins are the most 
effective Bt toxins against chrysomelid beetles, the widespread use of Cry3-based 
insecticides and Bt crops has led to the appearance of resistant populations of L. 
decemlineata, C. scripta or Diabrotica spp. (Whalon et al., 1993; Bauer 1995; 
Gassmann et al., 2011). 
Cry7 and Cry8 groups are comparatively less active, but they represent a serious 
alternative to Cry3 proteins. Cry7Aa, formerly known as CryIIIC, is very toxic 
against the Colorado potato beetle after in vitro solubilization. However, it has no 
ill effects against Anthonomus grandis (Curculionidae) or Diabrotica 
undecimpuntata (Lambert et al., 1992). In this line, Song et al., (2012) reported that 
solubilized Cry7Ab was active against Helosepilachna vigintiomaculata 
(Coccinellidae), but not against Anomala corpulenta (Scarabaeidae) or Pyrrhalta 
aenescens (Chrysomelidae). In contrast, a high Cry7Aa protoxin activity against 
Cylas puncticolis and Cylas brunneus (Brentidae), even higher than that of Cry3, 
has been reported (Ekobu et al., 2010). Cry8-type proteins are toxic to a large 
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number of coleopteran pests, particularly against species in the Scarabaeidae 
family (Shu et al., 2009b, 2009a; Gindin et al., 2014a). Also, Cry8A and Cry8B 
proteins have shown activity against the chrysomelids L. decemlineata and 
Diabrotica spp., Cry8Ca against the tenebrionid Alphitobius diaperinus 
(Tenebrionidae) (Park et al., 2014a) and Cry8Ka against the curculionid A. grandis 
(Oliveira et al., 2011). Moreover, some Cry8 proteins (such as Cry8Ea, and 
Cry8Ga) are very specific, showing different activities against very closely related 
host species (Yu et al., 2006a). Cry22 proteins also have activity to a wide 
spectrum of coleopteran insects. In particular, Cry22A and Cry22B proteins are 
toxic to coleopterans of the Brentidae, Chrysomelidae and Curculionidae families 
(Mettus and Baum, 2000; Isaac et al., 2002; Ekobu et al., 2010).  
Generally, Bt protein groups are particularly toxic to a certain insect order. 
However, some proteins may be active against different orders (van 
Frankenhuyzen 2013). Mainly lepidopteran proteins Cry1Ba and Cry1Ia have 
shown activity against key coleopterans. For example, Cry1Ba has been 
described as active against A. grandis (Curculionidae), C. scripta (Chrysomelidae) 
and L. decemlineata (Bradley et al.,, 1995; Federici and Bauer, 1998; Martins et al.,, 
2010; Naimov et al.,, 2001) and Cry1Ia against L. decemlineata and A. grandis (Tailor 
et al., 1992; Naimov et al., 2001; Martins et al., 2007). Dual activity Lepidoptera-
Coleoptera has also been demonstrated by Cry9-type proteins. Cry9 toxins 
exhibit strong activity against many major leptidopteran pests, but Cry9Da is 
also toxic against the scarab Anomala cuprea (Asano 1996). Other examples of 
across-order toxicity are depicted by the dipteran toxin Cry10Aa, which can kill 
the cotton boll weevil (A. grandis) (de Souza Aguiar et al., 2012). as Additionally, 
Cry51Aa is toxic against Lygus spp. (Hemiptera) and L. decemlineata; (Baum et al., 
2012). Finally, a typical nematicidal protein, Cry55Aa, has been reported as toxic 
to the chrysomelid Phyllotreta cruciferae (Bradfisch et al., 2004). 
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Binary toxins, structurally different from classical 3d-Cry proteins (Li et al., 1991), 
used to be considered as single toxins because both proteins are required to kill 
their target. To date, two binary complex toxins have shown activity against 
beetles. The coleopteran specific Cry23A requires Cry37A protein to kill P. 
japonica and T. castaeneum (Donovan et al., 2000). On the other hand, Cry34A is 
only active in association with Cry35A (Oppert et al., 2010a). Furthermore, Cry34 
and Cry35 are closely related and are often encoded in the same operon, with 
coordinated function and appearance in crystals (Ellis et al., 2002; Schnepf et al., 
2005). 
B. thuringiensis Cyt proteins, have an in vitro cytolytic (hemolytic) activity, hence 
their name, and show predominant dipteran specificity (de Maagd et al., 2003a). 
However, some are also toxic to certain coleopteran pests, such as Cyt1Aa, to C. 
scripta (Federici and Bauer, 1998) or Cyt2Aa to L. decemlineata and Diabrotica spp. 
(Rupar et al., 2000). In addition, Cyt proteins improve the activity of Cry proteins. 
For instance, Cyt1Aa is able to overcome high levels of resistance to Cry3Aa by 
C. Scripta, playing an important role in resistance management (Federici and 
Bauer, 1998). 
Genetically engineered cry genes. Recent advances in next generation 
sequencing and genetic engineering technologies allow the construction of new 
synthetic cry genes that increase or amplify their toxicity. The domain regions of 
some lepidopteran-specific proteins have been modified in an attempt to 
improve their specific activity or broaden their host range (De Maagd et al., 1996; 
de Maagd et al., 2001). The first coleopteran hybrid protein was made by fusing 
the sequences located in domain III of the cry3A and cry1Aa genes, although 
unfortunately, it caused the loss of activity against L. decemlineata (Shadenkov et 
al., 1993). Nonetheless, substituting domain III of Cry3Aa with the same domain 
from Cry1Ab induced activity against WCR larvae (Walters et al., 2010). On a 
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different approach, a cry3Bb1 gene was engineered with five amino acid 
substitutions to produce the new Cry3Bb1.11098 protein, which increased the 
activity of the natural protein against WCR (English et al., 2000). Similarly, a 
Cry3A variant (eCry3.1Ab) was designed to confer novel activity against 
rootworms by creating a cathepsin G protease recognition site (Walters et al., 
2008). This technology has been introduced successfully in the development of 
transgenic plants, mainly to overcome the appearance of resistance by WCR 
populations (Jouzani et al., 2017).  
Mode of action 
The mode of action of Crystal toxins has mostly been studied in lepidopteran 
insects, although it is believed to be similar between different insect orders, with 
some peculiarities (Bravo et al., 2011). Briefly, the process begins once the target 
insect ingests the protein and reaches the insect midgut, where it is solubilized 
and proteolytically activated. Such an activation allows toxins to first bind to 
their specific receptors in the host cell membrane, then to their oligomerization 
and eventually to the formation of pores in the cell membrane. In this multi-step 
mode of action, several factors may contribute to protein specificity (Jurat-
Fuentes and Crickmore, 2017). 
Solubilization and Proteolytic processing. Once proteins reach the host midgut, 
they are released from their crystal package to initiate the intoxication process. It 
is well accepted that solubilization processes are due to the environmental 
conditions in the susceptible insect midgut, mainly to pH values. Noteworthy, 
unlike the alkaline midgut of lepidopteran and dipteran insects , beetles have an 
acidic midgut, suggesting that different solubilization conditions are needed for 
each protein (Koller et al., 1992). For instance, the midgut fluids of L. decemlineata 
and D. virgifera larvae do not seem to solubilize Cry1B and Cry7Aa1, and only 
after these proteins undergo a previous in vitro solubilisation, they become active 
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against them (B Lambert et al., 1992; Bradley et al., 1995). Cyt proteins dissolve 
readily under alkaline conditions, especially at pH 8 or higher, and are harder to 
solubilized in neutral or slightly acidic pHs as occurs in coleopteran midguts 
(Federici and Bauer, 1998). Another example of the importance of crystal 
solubilization was published by Galitsky et al. (2001), who related that differences 
in toxin solubility, oligomerization and binding for the Cry3-type toxins, in 
addition to differences in domain III, might explain the different specificities of 
Cry3A and Cry3B (eg. WCR is susceptible to Cry3Bb1 but not to Cry3A). 
Solubilized proteins are proteolytically activated by gut proteases, which 
generate the toxic three-domain fragment of about 65 kDa, (Bravo et al., 2007). 
While the main proteases present in Lepidoptera and Diptera are serine 
proteases, the main proteases of Coleoptera are cysteine and aspartic proteases 
(Michaud et al., 1995).  
Binding to the larval midgut epithelium. The activated toxin is able to bind to 
specific receptors located in the midgut epithelial cells to form an oligomeric 
prepore structure. To date, several specific coleopteran binding proteins have 
been identified. One study has demonstrated that an ADAM metalloprotease acts 
as a Cry3Aa receptor in Leptinotarsa decemlineata, proving that this binding 
interaction improves Cry3Aa pore-formation (Ochoa-Campuzano et al., 2007). 
GPI-anchored alkaline phosphatases (ALP) are important for the Cry3Aa binding 
to Tenebrio molitor brush border membrane vesicles (BBMV) and are highly 
expressed when larvae are exposed to Cry3Aa (Zúñiga-Navarrete et al., 2013). In 
the same way, the Cry1Ba toxin binds to ALPs from A. grandis midgut cells 
(Martins et al., 2010). Although some putative cadherines have been previously 
described (Siegfried et al., 2005; Sayed et al., 2007), Fabrick et al., (Fabrick et al., 
2009) were the first reporting a cadherin protein (TmCad1), cloned from T. molitor 
larval midgut, as a Cry3Aa binding receptor. Furthermore, injection of TmCad1 
dsRNA into T. molitor larvae conferred resistance to Cry3Aa (Fabrick et al., 2009). 
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A truncated cadherin protein (DvCad1-CR8–10), isolated from the WCR binds to 
activated Cry3Aa, Cry3Bb (Park et al., 2009), and also Cry8Ca (Park et al., 2014a), 
enhancing the activity of L. decemlineata, Diabrotica spp. and A. diaperinus. In T. 
castaeneum larvae, a cadherine (TcCad1) and a sodium solute symporter (TcSSS) 
have been identified as putative Cry3Ba functional receptors, determinant for the 
specific Cry protein toxicity against Coleopterans (Contreras et al., 2013b). 
Oligomerization and pore formation. Oligomerization of 3d-Cry proteins have 
been described for toxins active against different insect orders, such as Cry3 in 
coleopteran larvae. In the brush border membranes (BBMV) of L. decemlineata a 
Cry3 oligomer is formed before membrane insertion, forming a pre-pore 
structure that can be inserted in the membrane (Rausell et al., 2004). The 
oligomeric structure eventually leads to the lytic pore formation that disrupts the 
midgut insect cell by osmotic shock. Additional to the toxin action, spores may 
pass through the channel, to colonize and germinate in the hemolymph and 
contribute to insect death by septicemia (Raymond et al., 2010).
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Table 1. Insecticidal activity against of Cry and Cyt proteins against coleopteran pest previously described in the 
literature. 
Cry-type toxin 
Target insect 
Activity (a) 
LC50 (b) 
Reference  Scientific name Family (µg/ml) 
Cry1Aa Apriona germari Cerambycidae N  (Chen et al., 2005) 
 
Anoplophora glabripennis Cerambycidae N  (D’Amico et al., 2004) 
  Epilachna varivestis Coccinellidae N  (Peña et al., 2006) 
Cry1Ab Hypera postica Curculionidae N  (MacIntosh et al., 1990) 
 
Anthonomus grandis Curculionidae N  (MacIntosh et al., 1990) 
 
Adalia bipunctata Coccinellidae N  (Porcar et al., 2010) 
 
Atheta coriaria Coccinellidae N  (Porcar et al., 2010) 
 
Cryptolaemus montrouzieri Coccinellidae N  (Porcar et al., 2010) 
 
Popillia japonica Scarabaeidae N  (MacIntosh et al., 1990) 
 
Phyllotreta armoraciae Chrysomelidae N  (MacIntosh et al., 1990) 
 
Diabrotica undecimpuntata Chrysomelidae N  (MacIntosh et al., 1990) 
  Leptinotarsa decemlineata Chrysomelidae N  (MacIntosh et al., 1990) 
Cry1Ac Hippodamia convergens Coccinellidae N  (Sims et al.,, 1995)  
 
Hypera postica Curculionidae N  (MacIntosh et al., 1990) (Sharma et al., 2011) 
 
Anthonomus grandis Curculionidae N  (MacIntosh et al., 1990) 
 
Popillia japonica Scarabaeidae N  (MacIntosh et al., 1990) 
 
Phyllotreta armoraciae Chrysomelidae N  (MacIntosh et al., 1990) 
 
Diabrotica undecimpuntata Chrysomelidae N  (MacIntosh et al., 1990) 
 
Leptinotarsa decemlineata Chrysomelidae N  (MacIntosh et al., 1990) 
 
Hypothenemus hampei Curculionidae N  (López-Pazos et al., 2010) 
  Tribolium castaneum Tenebrionidae N  (Contreras et al., 2013a) 
Cry1Ba Anoplophora glabripennis Cerambycidae N  (D’Amico et al., 2004) 
 
Anthonomus grandis Curculionidae A 305.32  (Martins et al., 2010) 
 
Asymmathetes vulcanorum Curculionidae N  (Gómez et al., 2012) 
 
Chrysomela scripta F Chrysomelidae A 1.8 - 5.9 (Bradley et al., 1995) (Federici and Bauer 1998) 
 
Hypothenemus hampei Curculionidae N  (López-Pazos et al., 2010) 
 
Leptinotarsa decemlineata Chrysomelidae A 142 (Bradley et al., 1995) (Naimov et al., 2001) 
  Phaedon cochleariae Chrysomelidae N  (Zhong et al., 2000) 
Cry1F Cryptolestes pusillus Laemophloeidae N  (Oppert et al., 2010b) 
  Tribolium castaneum Tenebrionidae N  (Oppert et al., 2010b) 
Cry1Ia Asymmathetes vulcanorum Curculionidae N  (Gómez et al., 2012) 
 
Diabrotica undecimpuntata Chrysomelidae N  (Kostichka et al., 1996) 
 
Leptinotarsa decemlineata Chrysomelidae N  (Kostichka et al., 1996) 
 
Phaedom brassicae Chrysomelidae N  (Shin et al., 1995) 
 
Anthonomus grandis Curculionidae A 21.5 (Martins et al., 2007) 
 
Anthonomus grandis Curculionidae A 230 (Grossi-de-Sa et al., 2007) 
 
Agelastica coerulea Chrysomelidae N  (Shin et al., 1995) (Choi et al., 2000) 
 
Leptinotarsa decemlineata Chrysomelidae A 33.7 (Naimov et al., 2001) (Tailor et al., 1992) 
 
Tenebrio molitor Tenebrionidae N  (Gleave et al., 1993) 
  Leptinotarsa decemlineata Chrysomelidae A 10 (Ruiz de Escudero et al., 2006) 
Cry1Ib Phaedom brassicae Chrysomelidae N  (Shin et al., 1995) 
  Agelastica coerulea Chrysomelidae N  (Shin et al., 1995) 
Cry1Id Agelastica coerulea Chrysomelidae N  (Choi et al., 2000) 
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Cry1Ie Pyrrhalta aenescens Chrysomelidae N  (Song et al., 2003) 
Cry1Jb Diabrotica undecimpuntata Chrysomelidae N  (von Tersch and Gonzalez 1994) 
  Leptinotarsa decemlineata Chrysomelidae N  (von Tersch and Gonzalez 1994) 
Cry2Aa Anthonomus grandis Curculionidae N  (Sims 1997) 
 
Diabrotica undecimpuntata Chrysomelidae N  (Sims 1997) 
 
Diabrotica virgifera Chrysomelidae N  (Sims 1997) 
 
Hippodamia convergens Coccinellidae N  (Sims 1997) 
  Leptinotarsa decemlineata Chrysomelidae N  (Sims 1997) 
Cry3Aa Cylas brunneus Brentidae A 1.88 µg/g (Ekobu et al., 2010) 
 
Cylas puncticollis Brentidae A 1.99 µg/g (Ekobu et al., 2010) 
 
Alphitobius diaperinus Tenebrionidae A 8-9.5 µg/cm2 (Park et al., 2014b) (Adang 2011) 
 
Apriona germari Cerambycidae A High level (Chen et al., 2005) (Zhongkamg et al., 2008) 
 
Asymmathetes vulcanorum Curculionidae N  (Gómez et al., 2012) 
 
Adalia bipunctata Coccinellidae N  (Porcar et al., 2010) 
 
Atheta coriaria Coccinellidae N  (Porcar et al., 2010) 
 
Cryptolaemus montrouzieri Coccinellidae N  (Porcar et al., 2010) 
 
Chrysomela scripta F Chrysomelidae A  <10  (James et al., 1999) 
 
Chrysomela scripta F Chrysomelidae A 2.22 - 1.8 (Bradley et al., 1995) (Federici and Bauer 1998) 
 
Colaphellus bowringi  Chrysomelidae A 2.68 - 1.33 (Yan et al., 2009) (Gao et al., 2011) 
 
Crioceris quaturdicerumpunctata Chrysomelidae A 3.82 (Gao et al., 2011) 
 
Phaedom brassicae Chrysomelidae A 1.11 (Gao et al., 2011) 
 
Diabrotica undecimpuntata Chrysomelidae N  (MacIntosh et al., 1990) (Park et al., 2009) 
 
Diabrotica virgifera Chrysomelidae N  (Park et al., 2009) (Li et al., 2013) 
 
Epilachna varivestis Coccinellidae A  (Peña et al., 2006) 
 
Hypera postica Curculionidae N  (MacIntosh et al., 1990) 
 
Leptinotarsa decemlineata Chrysomelidae A 3.56 – 0.65 (MacIntosh et al., 1990) (Park et al., 2009) 
 
Popillia japonica Scarabaeidae N  (MacIntosh et al., 1990) 
 
Anthonomus grandis Curculionidae N  (MacIntosh et al., 1990) 
 
Phyllotreta armoraciae Chrysomelidae N  (MacIntosh et al., 1990) 
 
Solenopsis invicta Formicidae A 0.07  (Frankenhuyzen 2009) 
 
Anomala corpulenta Scarabaeidae N  (Yan et al., 2009) 
 
Myllocerus undecimpustulatus Curculionidae A 152 ng/cm2 (Mahadeva Swamy et al., 2013) 
 
Phaedon cochleariae Chrysomelidae A  (Carroll et al., 1989) 
 
Plagiodera versicolora Chrysomelidae A  3.09  (Yu et al., 2016) 
 
Pyrrhalta aenescens Chrysomelidae A 0.22  (Wang et al., 2006) 
 
Pyrrhalta luteola Chrysomelidae A 0.12 µg/cm2 (Herrnstadt et al., 1986) 
 
Rhyzopherta dominica Bostrichidae A 1.177 µg/mg (Oppert et al., 2011) 
 
Tribolium castaneum Tenebrionidae N  (Oppert et al., 2011) (Contreras et al., 2013a) 
 
Tenebrio molitor Tenebrionidae A 11.4 µg/larva (Wu and Dean 1996) 
  Tenebrio molitor Tenebrionidae A  (Oppert et al., 2011) (Carroll et al., 1989) 
Cry3Ba Cylas brunneus Brentidae A 1.304 µg/g (Ekobu et al., 2010) 
 
Cylas puncticollis Brentidae A 1.273 µg/g (Ekobu et al., 2010) 
 
Chrysomela scripta F Chrysomelidae A 10  (James et al., 1999) 
 
Diabrotica undecimpuntata Chrysomelidae A 107 ng/mm2 (Donovan et al., 1992) 
 
Leptinotarsa decemlineata Chrysomelidae A 1.35 (Donovan et al., 1992) 
 
Epilachna varivestis Coccinellidae N  (Peña et al., 2006) 
 
Popillia japonica Scarabaeidae A 1 (Donovan et al., 2000) 
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  Tribolium castaneum Tenebrionidae A 13.553  (Contreras et al., 2013a) (Donovan et al., 2000) 
Cry3Bb Cylas brunneus Brentidae A 1.826 µg/g (Ekobu et al., 2010) 
 
Cylas puncticollis Brentidae A 1.815 µg/g (Ekobu et al., 2010) 
 
Anoplophora glabripennis Cerambycidae N  (D’Amico et al., 2004) 
 
Diabrotica undecimpuntata Chrysomelidae A 9.49 - 1.18  (Park et al., 2009) (Adang and Abdullah 2013) 
 
Diabrotica virgifera Chrysomelidae A 2.10 - 5.18 (Park et al., 2009) (Adang and Abdullah 2013) 
 
Leptinotarsa decemlineata Chrysomelidae A 6.86 - 6.54  (Park et al., 2009) (Adang and Abdullah 2013) 
  Alphitobius diaperinus Tenebrionidae A 26-50 µg/cm2  (Park et al., 2014b) (Adang 2011) 
Cry3Ca Cylas brunneus Brentidae A 0.696 µg/g (Ekobu et al., 2010) 
 
Cylas puncticollis Brentidae A 0.575 µg/g (Ekobu et al., 2010) 
 
Leptinotarsa decemlineata Chrysomelidae A 0.7 : 320.13 (Lambert et al., 1992b)(Haffani et al., 2001) 
  Tribolium castaneum Tenebrionidae N  (Contreras et al., 2013a) 
Cry6Aa Diabrotica virgifera Chrysomelidae A  (Li et al., 2013) (Thomson et al., 1999) 
Cry6B Hypera postica Curculionidae A 280  (Sharma et al., 2011) 
Cry7Aa Cylas brunneus Brentidae A 0,435 µg/g (Ekobu et al., 2010) 
 
Cylas puncticollis Brentidae A 0,335 µg/g (Ekobu et al., 2010) 
 
Anthonomus grandis Curculionidae N  (Lambert et al., 1992)  
 
Anoplophora glabripennis Cerambycidae N  (D’Amico et al., 2004) 
 
Diabrotica undecimpuntata Chrysomelidae N  (Bart Lambert et al., 1992a) 
  Leptinotarsa decemlineata Chrysomelidae A 13.1  (Bart Lambert et al., 1992a) 
Cry7Ab Anomala corpulenta Scarabaeidae N  (Song et al., 2012b) 
 
Henosepilachna vigintioctomaculata Coccinellidae A 209 (Song et al., 2012b) 
  Pyrrhalta aenescens Chrysomelidae N  (Song et al., 2012b) 
Cry8Aa Leptinotarsa decemlineata Chrysomelidae A  (Foncerrada et al., 1992) 
  Cotinis spp Scarabaeidae A  (Michaels et al., 1996) 
Cry8Ab Holotrichia oblita Scarabaeidae A 5.72 µg/g (Zhang et al.,, 2013)  
 
Holotrichia parallela Scarabaeidae A 2.00 µg/g (Zhang et al.,, 2013)  
 
Tenebrio molitor Tenebrionidae N  (Zhang et al.,, 2013)  
Cry8Ba Diabrotica virgifera Chrysomelidae A  (Li et al.,, 2013)  
 
Cotinis spp Scarabaeidae A  (Michaels et al., 1993) 
 
Cyclocephala borealis Scarabaeidae A  (Michaels et al., 1996) 
 
Cyclocephala pasadenae Scarabaeidae A  (Michaels et al., 1996) 
  Popillia japonica Scarabaeidae A  (Michaels et al., 1996) 
Cry8Bb Diabrotica undecimpuntata Chrysomelidae A  (Abad et al., 2002) 
 
Diabrotica virgifera Chrysomelidae A  (Abad et al., 2002) 
  Leptinotarsa decemlineata Chrysomelidae A  (Abad et al., 2002) 
Cry8Ca Epilachna varivestis Coccinellidae A  (Peña et al., 2006) 
 
Anoplophora glabripennis Cerambycidae N  (D’Amico et al., 2004) 
 
Popillia japonica Scarabaeidae A 12.3 µg/g (Yamaguchi et al., 2008a) 
 
Alphitobius diaperinus Tenebrionidae A 7-10 µg/cm2 (Park et al., 2014b)(Adang 2011) 
 
Leptinotarsa decemlineata Chrysomelidae N  (Yan et al., 2009) 
 
Colaphellus bowringi  Chrysomelidae N  (Yan et al., 2009) 
 
Anomala cuprea Scarabaeidae A  (Sato et al., 1994) 
 
Anomala corpulenta Scarabaeidae A 1.08x10e8 
CFU/g 
(Yan et al., 2009) 
 
Anomala corpulenta Scarabaeidae A 1.6x10e8 
CFU/g 
(Liu et al., 2010) (Shu et al., 2007) (Jia et al., 2014) 
 
Holotrichia parallela Scarabaeidae A 9.24x10e8 
CFU/g 
(Jia et al., 2014) 
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  Anomala exoleta Scarabaeidae A  (Huang et al., 2007) 
Cry8Da Popillia japonica Scarabaeidae A 17.0 µg/g (Yamaguchi et al., 2008a) (Asano et al., 2003) 
 
Anomala cuprea Scarabaeidae A  (Asano et al., 2003) 
  Anomala orientalis Scarabaeidae A  (Asano et al., 2003) 
Cry8Db Popillia japonica Scarabaeidae A 19.6 µg/g (Yamaguchi et al., 2008a) 
Cry8Ea Tenebrio molitor Tenebrionidae N  (Yu et al., 2006b) 
 
Tribolium castaneum Tenebrionidae N  (Yu et al., 2006b) 
 
Anomala corpulenta Scarabaeidae A  (Jia et al., 2014) 
 
Holotrichia parallela Scarabaeidae A 1.18x10e7 
CFU/g 
(Yu et al., 2006b)(Shu et al., 2009b) (Huang et al., 
2007) 
Cry8Fa Tenebrio molitor Tenebrionidae N  (Yu et al., 2006b) 
 
Tribolium castaneum Tenebrionidae N  (Yu et al., 2006b) 
 
Anomala corpulenta Scarabaeidae N  (Shu et al., 2009b) 
 
Holotrichia oblita Scarabaeidae N  (Shu et al., 2009b) 
  Holotrichia parallela Scarabaeidae N  (Shu et al., 2009b) 
Cry8Ga Tenebrio molitor Tenebrionidae N  (Yu et al., 2006b) 
 
Tribolium castaneum Tenebrionidae N  (Yu et al., 2006b) 
 
Anomala corpulenta Scarabaeidae N  (Jia et al., 2014) 
 
Holotrichia oblita Scarabaeidae A 3.17x10e7 
CFU/g 
(Jia et al., 2014) 
 
Holotrichia parallela Scarabaeidae N  (Jia et al., 2014) 
Cry8Ka Anthonomus grandis Curculionidae A 8.93 µg/mL (Oliveira et al., 2011) 
  Anthonomus grandis Curculionidae A 2.83 µg/mL (Oliveira et al., 2011) 
Cry8Sa Holotrichia serrata (F.) Scarabaeidae A  (Singaravelu et al., 2013) 
Cry9Bb Diabrotica undecimpuntata Chrysomelidae N  (Silva-Werneck and Ellar 2008) 
 
Diabrotica virgifera Chrysomelidae N  (Silva-Werneck and Ellar 2008) 
 
Leptinotarsa decemlineata Chrysomelidae N  (Silva-Werneck and Ellar 2008) 
  Anthonomus grandis Curculionidae N  (Silva-Werneck and Ellar 2008) 
Cry9Da Anomala cuprea Scarabaeidae A  (Asano 1996) 
Cry10Aa Anthonomus grandis Curculionidae A 7.12  (de Souza Aguiar et al., 2012) 
Cry15Aa Leptinotarsa decemlineata Chrysomelidae N  (Brown and Whiteley 1992) 
Cry18Aa1 Melontha melontha Scarabaeidae A  (Zhang et al., 1997) 
Cry22Aa Cylas brunneus Brentidae A 1.014 µg/g (Ekobu et al., 2010) 
 
Cylas puncticollis Brentidae A 0.781 µg/g (Ekobu et al., 2010) 
  Anthonomus grandis Curculionidae A 0.75 µg/well (Isaac et al., 2002) 
Cry22Ab Diabrotica virgifera Chrysomelidae A 39.4 µg/cm2 (Mettus and Baum 2000) 
 
Diabrotica undecimpuntata Chrysomelidae N  (Mettus and Baum 2000) 
 
Leptinotarsa decemlineata Chrysomelidae N  (Mettus and Baum 2000) 
  Anthonomus grandis Curculionidae A 3.12 µg/well (Isaac et al., 2002) 
Cry22Ba Diabrotica virgifera Chrysomelidae N  (Isaac et al., 2002) 
  Anthonomus grandis Curculionidae A  (Isaac et al., 2002) 
Cry23Aa  Popillia japonica Scarabaeidae N  (Donovan et al., 2000) 
 Tribolium castaneum Tenebrionidae N  (Donovan et al., 2000) 
Cry23Aa/Cry37Aa Cylas brunneus Brentidae A 0.458 µg/g (Ekobu et al., 2010) 
 
Cylas puncticollis Brentidae A 0.417 µg/g (Ekobu et al., 2010) 
 
Popillia japonica Scarabaeidae A  (Donovan et al., 2000) 
 
Tribolium castaneum Tenebrionidae A  (Donovan et al., 2000) 
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  Tribolium castaneum Tenebrionidae A 6.30 µg SC/µL (Gindin et al., 2014) 
Cry34Aa Diabrotica virgifera Chrysomelidae N  (R T Ellis et al., 2002) 
Cry34Ab Diabrotica undecimpuntata Chrysomelidae N  (Herman et al., 2002) 
  Diabrotica virgifera Chrysomelidae N  (Moellenbeck et al., 2001)(R T Ellis et al., 2002) 
Cry34Ac Diabrotica virgifera Chrysomelidae N  (R T Ellis et al., 2002) 
Cry34Aa/Cry35Aa Diabrotica virgifera Chrysomelidae A 34-37 µg/cm2 (R T Ellis et al., 2002) (Schnepf et al., 2005) 
 
Diabrotica undecimpuntata Chrysomelidae A 34.1 µg/well (Rupar et al., 2009) 
Cry34Ab/Cry35Ab Diabrotica undecimpuntata Chrysomelidae A  (Baum et al., 2004) (Herman et al., 2002) 
 
Diabrotica virgifera Chrysomelidae A 3-17 µg/cm2 ((Moellenbeck et al., 2001) (R T Ellis et al., 2002) 
 
Rhyzopherta dominica Bostrichidae N  (Oppert et al., 2010b) 
 
Oryzaephilus surinamensis Cucujidae A  (Oppert et al., 2010b) 
 
Sitophilus oryzae Curculionidae A  (Oppert et al., 2010b) 
 
Trogoderma variabile Dermestidae N  (Oppert et al., 2010b) 
 
Tenebrio molitor Tenebrionidae A 0.22 (Oppert et al., 2010b) 
 
Tribolium castaneum Tenebrionidae A  (Oppert et al., 2010b) 
  Tribolium castaneum Tenebrionidae N  (Contreras et al., 2013a) 
Cry34Ac/Cry35Ac Diabrotica virgifera Chrysomelidae A 7 µg/cm2 (Schnepf et al., 2005) (R T Ellis et al., 2002) 
Cry34Ba/Cry35Ba Diabrotica virgifera Chrysomelidae N  (Schnepf et al., 2005) (Baum et al., 2004) 
Cry35Aa Diabrotica virgifera Chrysomelidae N  (R T Ellis et al., 2002) 
Cry35Ab Diabrotica virgifera Chrysomelidae N  (Moellenbeck et al., 2001) (R T Ellis et al., 2002) 
Cry35Ac Diabrotica virgifera Chrysomelidae N  (R T Ellis et al., 2002)  
Cry35Ba Sitophilus oryzae Curculionidae A  (da Silva et al., 2010) 
Cry36A Diabrotica virgifera Chrysomelidae A 147.3 µg/well (Rupar et al., 2009) 
Cry37Aa  Popillia japonica Scarabaeidae N  (Donovan et al., 2000) 
 Tribolium castaneum Tenebrionidae N  (Donovan et al., 2000) 
Cry38Aa Diabrotica virgifera Chrysomelidae N  (Baum et al., 2004) 
Cry43Aa Anomala cuprea Scarabaeidae A  (Yokoyama et al., 2004) 
Cry43Ba Anomala cuprea Scarabaeidae N  (Yokoyama et al., 2004) 
Cry51Aa Leptinotarsa decemlineata Chrysomelidae A  26 µg/cm2 (Baum et al., 2012) 
 
Diabrotica undecimpuntata Chrysomelidae N  (Baum et al., 2012) 
  Diabrotica virgifera Chrysomelidae N  (Baum et al., 2012) 
Cry55Aa Phyllotreta cruciferae Chrysomelidae A  (Bradfisch et al., 2004) 
Cyt1Aa Chrysomela scripta F Chrysomelidae A 2.5 (B. a. Federici and Bauer 1998) 
Cyt2Ca  Diabrotica undecimpuntata Chrysomelidae A 25 µg/well (Rupar et al., 2000) 
 
Diabrotica virgifera Chrysomelidae A 10.8 µg/well (Rupar et al., 2000) 
 
Leptinotarsa decemlineata Chrysomelidae A 8.75 µg/well  (Rupar et al., 2000) 
 
Popillia japonica Scarabaeidae A  (Rupar et al., 2000) 
  Tribolium castaneum Tenebrionidae A  (Rupar et al., 2000) 
(a) A= Active; N= Not active 
(b) LC50=lethal concentration that causes 50% mortality of the insects. Data expressed in µg/ml of crystal-spore mixture, 
unless otherwise stated  
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THE SECRETABLE COLEOPTERAN-ACTIVE PROTEINS 2 
In addition to the  -endotoxins produced during the stationary phase, other 3 
protein compounds have been found in the culture supernatant from certain 4 
entomopathogenic Bacillus isolates. These proteins, produced during the 5 
vegetative growth stage of the bacterium, were designated as vegetative 6 
insecticidal proteins (Vip) (Warren et al., 1996) and secreted insecticidal proteins 7 
(Sip) (Donovan et al., 2006). Vip1 and Vip2 act as binary toxins for some members 8 
of the Coleoptera (Warren et al., 1996) and Hemiptera (Sattar and Maiti, 2011) 9 
orders. In contrast, Vip3 proteins are single-chain toxins with insecticidal activity 10 
against a wide range of lepidopteran species (Estruch et al., 1996). While B. 11 
thuringiensis is a good source of Vip proteins, these proteins have also been found 12 
in other closely related bacteria, such as Bacillus cereus, Lysinibacillus sphaericus or 13 
Brevibacillus leterosporus. Currently, two Sip proteins have been described, both 14 
active against several coleopteran pests. The fact that strains harbouring sip1Aa 15 
and sip1Ab genes also synthetize cry3 and cry8 genes respectively, suggest that 16 
Sip1 proteins may have a role in the insecticidal mechanism against coleopteran 17 
insects (Sha et al., 2018).  18 
Protein structure and function 19 
Vip1, Vip2 and Sip1 proteins are found in the culture supernatant before cell lysis 20 
due to specific secretion (Warren, 1997; Donovan et al., 2006). Both proteins have 21 
an N-terminal signal peptide for secretion, commonly cleaved after the secretion 22 
process is completed (de Maagd et al., 2003b; Donovan et al., 2006). The Vip1/Vip2 23 
homology with other bacterial binary toxins and the fact that these proteins are 24 
codified by two genes encoded in a single operon, suggest the presence of a 25 
typical “A+B” binary toxin (Warren 1997; de Maagd et al., 2003a). It has been 26 
proposed that Vip1, with moderate sequence identity (30%) and structural 27 
similarity with the binding C2-II Clostridium botulinum toxin and the toxin “B” of 28 
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Clostridium difficile, is the binding domain that translocates Vip2, similar to the 29 
Rho-ADP-ribosylatin exotoxin C3 of Clostridium spp., to the host cell (Han et al., 30 
1999; Shi et al., 2007). As occurs with other related “B” compounds, Vip1 is 31 
formed by four domains involved in docking to enzymatic components, binding 32 
to specific cell surface receptors, oligomerization and channel formation in lipid 33 
membranes (Barth et al., 2004).  34 
Insecticidal activity 35 
The activity of the Bt secretable toxins against coleopterans is depicted in Table 36 
2. Currently, four Vip protein families have been identified, but only Vip1/Vip2 37 
show with activity against coleopteran pests (reviewed by Chakroun et al., 2016). 38 
Vip1/Vip2 proteins have been tested against different coleopteran families but 39 
they have shown activity against only the Chrysomelidae and Scarabeidae families. 40 
Moreover, these proteins were particularly toxic to corn rootworms. Single Vip1 41 
or Vip2 showed no mortality, confirming that these proteins must act together to 42 
be toxic (Warren, 1997). Vip1Aa is highly toxic against Diabrotica spp. when 43 
combined with Vip2Aa or Vip2Ab, but Vip1Ab/Vip2Ab (co-expressed in the 44 
same operon) and Vip1Ab/Vip2Aa were not active (Warren, 1997). These data 45 
show the specificity of these proteins and suggest that absence of toxicity is due 46 
to Vip1Ab. Moreover, Vip1Ba/Vip2Ba and Vip1Bb/Vip1Ba are toxic against 47 
Diabrotica virgifera virgifera (Feitelson et al., 2001), and binary Vip1Da/Vip1Ad 48 
against the curculionid A. grandis and the chrysomelids Diabrotica spp. and L. 49 
decemlineata (Boets et al., 2011), being the only Vip proteins active against the 50 
Colorado potato beetle. Sip1Aa and Sip1Ab proteins have specific activity against 51 
coleopteran pests. Sip1Aa caused lethal toxicity for L. decemlineata larvae and 52 
stunting in D. virgifera and D. undecimpunctata larvae (Donovan et al., 2006). 53 
Sip1Ab is also toxic to Colaphellus bowringi Baly (Chrysomelidae) but it does not 54 
harm Hloltrichia diomphalia (Scarabaeidae) larvae (Sha et al., 2018) suggesting 55 
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specific chrysomelid activity, although further studies are needed to determine 56 
its host range. 57 
Mode of action 58 
The mode of action of coleopteran-specific Bt secretable proteins is poorly 59 
understood, but some information is available for this binary mechanism of 60 
action. The proposed multistep process begins with the ingestion of the two 61 
toxins by the susceptible larvae. Though the two encoded proteins are 62 
synthetized together, they are thought not to get associated in solution and reach 63 
the insect midgut as single proteins (Barth et al., 2004). Then, the proteolytic 64 
processing of Vip1 allows the cell-bound “B” to bind to a specific membrane 65 
receptor, followed by formation of oligomers containing seven Vip1 molecules. 66 
It is at this stage when the docking between Vip1 and Vip2 translocates the toxic 67 
component (Vip2) into the cytoplasm though the “B” (Vip1) channel (Barth et al., 68 
2004). Once inside the cytosol, Vip2 destroys filamentous actin by blocking its 69 
polymerization and leading to cell death (Shi et al., 2004).  70 
Sip1 proteins have no homology with Vip proteins, but Sip1A exhibits limited 71 
sequence similarity with the 36-kDa mosquitocidal Mtx3 protein of B. sphaericus, 72 
suggesting that toxicity is related with pore formation (Donovan et al., 2006). 73 
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Table 2. Insecticidal activity against of Vip and Sip proteins against coleopteran pest previously described in the 
literature. 
(a) A= Active; N= Not active 
(b) LC50=lethal concentration that causes 50% mortality of the insects. Data expressed in µg/ml of crystal-spore mixture, 
unless otherwise stated  
Vip-Sip-type toxin 
Target insect 
Activity (a) 
LC50 (b) 
Reference  Scientific name Family (µg/ml) 
Sip1Aa Diabrotica undecimpuntata Chrysomelidae A  (Donovan et al., 2006) 
 Diabrotica virgifera Chrysomelidae A  (Donovan et al., 2006) 
 Leptinotarsa decemlineata Chrysomelidae A 24 (Donovan et al., 2006) 
  Colaphellus bowringi  Chrysomelidae A 1.067 (Sha et al., 2018) 
Sip1Ab Colaphellus bowringi  Chrysomelidae A 1.051 (Sha et al., 2018) 
  Hloltrichia diomphalia Scarabaeidae N  (Sha et al., 2018) 
Vip1Aa Diabrotica undecimpuntata Chrysomelidae A  (Warren et al., 1996) 
  Diabrotica longicornis B. Chrysomelidae A  (Warren et al., 1996) 
 Diabrotica virgifera Chrysomelidae N  (Warren, 1997) 
Vip1Ac Holotrichia oblita Scarabaeidae N  (Yu et al., 2011) 
  Tenebrio molitor Tenebrionidae N  (Shi et al., 2004) 
Vip1Ad Anomala corpulenta Scarabaeidae N  (Bi et al., 2015) 
 Holotrichia oblita Scarabaeidae N  (Bi et al., 2015) 
 Holotrichia parallela Scarabaeidae N  (Bi et al., 2015) 
Vip1Da Diabrotica virgifera Chrysomelidae N  (Boets et al., 2011) 
Vip2Aa Diabrotica virgifera Chrysomelidae N  (Warren 1997) 
Vip2Ac Tenebrio molitor Tenebrionidae N  (Shi et al., 2004) 
Vip2Ad Diabrotica virgifera Chrysomelidae N  (Boets et al., 2011) 
Vip2Ae Holotrichia oblita Scarabaeidae N  (Yu et al., 2011) 
  Tenebrio molitor Tenebrionidae N  (Yu et al., 2011) 
Vip2Ag Anomala corpulenta Scarabaeidae N  (Bi et al., 2015) 
 Holotrichia oblita Scarabaeidae N  (Bi et al., 2015) 
 Holotrichia parallela Scarabaeidae N  (Bi et al., 2015) 
Vip1Aa+Vip2Aa Diabrotica longicornis B. Chrysomelidae A  (Warren, 1997) 
 Diabrotica undecimpuntata Chrysomelidae A  (Warren, 1997) 
 Diabrotica virgifera Chrysomelidae A  (Warren, 1997) 
 Leptinotarsa decemlineata Chrysomelidae N  (Warren, 1997) 
  Tenebrio molitor Tenebrionidae N  (Warren, 1997) 
Vip1Aa+Vip2Ab Diabrotica virgifera Chrysomelidae A  (Warren, 1997) 
Vip1Ab+Vip2Aa Diabrotica virgifera Chrysomelidae N  (Warren, 1997) 
Vip1Ab+Vip2Ab Diabrotica virgifera Chrysomelidae N  (Warren, 1997) 
Vip1Ac+Vip2Ac Tenebrio molitor Tenebrionidae N  (Shi et al., 2004) 
Vip1Ac+Vip2Ae Holotrichia oblita Scarabaeidae N  (Yu et al., 2011) 
 Tenebrio molitor Tenebrionidae N  (Yu et al., 2011) 
Vip1Ad+Vip2Ag Anomala corpulenta Scarabaeidae A 220 ng/g suelo (Bi et al., 2015) 
 Holotrichia oblita Scarabaeidae A 120 ng/g suelo (Bi et al., 2015) 
  Holotrichia parallela Scarabaeidae A 80 ng/g suelo (Bi et al., 2015) 
Vip1Ca+Vip2Aa Tenebrio molitor Tenebrionidae N  (Shi et al., 2007) 
Vip1Da+Vip2Ad Anthonomus grandis Curculionidae A 207 (Boets et al., 2011) 
 Diabrotica longicornis B. Chrysomelidae A 213 (Boets et al., 2011) 
 Diabrotica undecimpuntata Chrysomelidae A 4.91 (Boets et al., 2011) 
 Diabrotica virgifera Chrysomelidae A 437 (Boets et al., 2011) 
  Leptinotarsa decemlineata Chrysomelidae A 37 (Boets et al., 2011) 
Vip1Ba+Vip2Ba Diabrotica virgifera Chrysomelidae A  (Feitelson et al., 2001) 
Vip1Bb+Vip2Bb Diabrotica virgifera Chrysomelidae A  (Feitelson et al., 2001) 
Vip3Aa Tenebrio molitor Tenebrionidae N  (Baranek et al., 2015) 
  Tenebrio molitor Tenebrionidae N  (Baranek et al., 2015) 
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BT-BASED INSECTICIDES 
In 1938, the first insecticide based on B. thuringiensis was produced and marketed 
under the name Sporéine for the control of lepidopteran insect pests (Federici et 
al., 2006). Since then, sporulated cultures of B. thuringiensis have been used 
widely as foliar sprays to protect crops from insect damage. Since B. thuringiensis 
var. tenerbrionis was discovered (Krieg et al., 1983), it was rapidly formulated as a 
bioinsecticide and commercialized against the Colorado potato beetle. Bt-based 
insecticides to control coleopteran pests are mainly developed against 
chrysomelid beetles (Wraight et al., 2009). Novodor® (Kenogard) uses the NB-176 
strain of Bt subsp tenebrionis as the active ingredient and is widely used for the 
control of L. decemlineata. However, this commercial product is useful for the 
control of other beetles, such as the Chrysomelids Chrysophtharta bimaculata, C. 
agricola and C. scripta (Coyle et al., 2000; Beveridge and Elek, 2001) or Lissorhoptrus 
oryzophilus (Curculionidae) (Way et al., 1999) under laboratory conditions.  
To date, most of the Bt-based bioinsecticide products effectively use natural Bt 
strains for the control of foliar-feeding pests. However, several factors have 
limited their use. Usually, Bt strains have a narrow insecticidal spectrum 
compared with other insecticides, even when insects are closely related (Baum 
and Johnson 1999). Advances in genetic manipulation technologies offer 
improvements in the efficiency of Bt-based formulates and reductions in their 
production costs. Development of new strains by conjugation or transduction 
have been used to confer natural strains new insecticidal properties (Sanchis, 
2011). The natural Bt serovar kurstaki, for example, has been modified to express 
several cry3 genes and extend its host range to both lepidopteran and coleopteran 
pests (Baum and Johnson 1999). The active ingredient in Foil® is the Bt strain 
EG2424, expressing both Cry1Ac and Cry3A proteins, the latter of which was 
transferred from a Cry3Aa-encoding plasmid belonging to the Bt serovar 
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morrisoni (Gawron-burke and Baum 1991). Similarly, the Cry3-overproducing 
strain, EG7673, was obtained by transforming a natural strain with a recombinant 
plasmid containing a cry3Bb1 gene. A formulation with this strain as the active 
ingredient was commercialized as Raven® and was four-fold more active than the 
parental strain (Baum et al., 1996). 
BT-CROPS 
By expressing one or more Bt toxic genes in a target plant tissue transgenic insect-
resistant crops, Bt crops, can be produced. Such cultivars need no further pest 
control measures. To date, the area occupied by Bt crops has increased 
worldwide, particularly that of Bt cotton, Bt rice and Bt corn (James, 2017). Bt 
plants have been created for the control of several insect pests, among others, 
Colorado potato beetle (L. decemlineata) and Corn Rootworm (Diabrotica spp.). 
The first human-modified pesticide-producing crop was potato, that expressed 
the cry3A gene from B. thuringiensis var. tenebrionis in their leaves (Perlak et al., 
1993). The transgenic gene expression confers potato plants protection against 
the Colorado potato beetle, and allows reducing insecticide applications (Duncan 
et al., 2002). A few years later, this Bt crop was complemented with another gene 
expression cassette that provided protection also against the Potato leafroll virus 
(Thomas et al., 1997). However, genetically modified potatoes were 
commercialized from 1995 through 2001, and eventually removed from 
marketplace due to social concern for Genetic Modified Crops (Thornton, 2004).  
A coleopteran-active Bt maize was designed for the control of Corn rootworms, 
expressing a variant of the wild-type cry3Bb1 gene from Bt var. kumamotoensis in 
the root tissue (Vaughn et al., 2005). Currently, Bt maize hybrids are expressing 
four different crystal proteins (Cry3Bb, mCry3A, Cry34Ab/35Ab and eCry3.1Ab), 
individually or co-expressing two toxins (Gassmann et al., 2016; Zukoff et al., 
2016). The opportunity of expressing the toxin in a specific tissue allows 
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minimizing the exposure of non-target fauna while increasing the control of 
tunnelling and root pests, which are otherwise difficult to manage. However,  
Western corn rootworm has developed field resistance to all four currently 
available Bt toxins (Wangila et al., 2015; Jakka et al., 2016; Zukoff et al., 2016) as 
did D. virgifera in 2009 against Bt corn (Gassmann et al., 2011). These facts show 
that although Bt crops have the potential to increase productivity while 
conserving biodiversity, resistance management programs and a better use of 
integrated pest management are necessary to delay resistance development as 
much as possible (Shrestha et al., 2018). 
RESISTANCE AND CROSS RESISTANCE 
The widespread use of B. thuringiensis biopesticides, as well as the planting of 
millions of hectares of Bt plants to protect crops from pests, carry the risk of 
selecting insect biotypes that are tolerant or resistant to Bt toxins. Molecularly, 
the mechanism that renders resistant insects is a modification or loss in the 
specific midgut cell membrane receptors or of some mediator, which eliminates 
or reduces the capacity of the toxin to initiate infection (Ferré et al., 2008). Cross-
resistance between Cry toxins is often associated with sequence similarities in 
domains II and III, related with specific protein binding (Carrière et al., 2015). 
Under laboratory conditions, populations of L. decemlineata and C. scripta 
resistant to Cry3Aa have been described (Whalon et al., 1993; Bauer 1995). To 
date, the appearance of field resistance is still relatively low in spite of the 
extensive use of products based on the same protein, which increases the 
probability of resistance development.  
Conversely, Diabrotica populations have developed resistance to all proteins used 
in transgenic corn. The intense selection pressure posed by the continuous 
exposure of insects to Bt toxins has increased the emergence of pest resistance. 
Since the first case of resistance to Cry3Bb1 Bt-maize in 2009, Diabrotica has 
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developed resistance to Cry3Aa and Cry34/35Ab binary protein (Gassmann et al., 
2016). New strategies are being carried out to try to delay resistance, including a 
combined use of several proteins in the same Bt plant (Onstad and Meinke 2010). 
Pyramiding of two Bt proteins can delay resistance to target proteins, because 
when insects become tolerant to one toxin, most will still be susceptible to the 
other toxin (Gassmann et al., 2016). However, there is already evidence of cross-
resistance to Cry3 proteins and even to Cry34/35, which may invalidate, in the 
long run, the use of all these proteins (Zukoff et al., 2016). 
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AIMS OF THE THESIS 
In this doctoral thesis the following general objectives have been proposed: 
 
1. To make an updated review of all the insecticidal proteins that Bacillus 
thuringiensis produces with activity against insect species of the order 
Coleoptera. 
 
2. To identify new cry genes with insecticidal activity against Coleoptera in 
order to expand the resources available for the control of pests caused by 
species of this order of insects. 
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Chapter II 
A strain of Bacillus thuringiensis containing a novel 
cry7Aa2 gene that is highly toxic to Leptinotarsa 
decemlineata (Say) (Coleoptera; Chrysomelidae) 
ABSTRACT 
The genome of the Bacillus thuringiensis BM311.1 strain was sequenced and 
assembled in 359 contigs containing a total of 6,390,221 bp. The plasmidic ORF 
of a putative cry gene from this strain was identified as a potential novel Cry 
protein of 1138 amino acid residues with a 98% identity respect to Cry7Aa1 
protein and a predicted molecular mass of 129.4 kDa. The primary structure of 
this Cry7Aa2 protein, which revealed the presence of eight conserved blocks and 
the classical structure of three domains, differed in 28 amino acid residues from 
that of Cry7Aa1. The cry7Aa2 gene was amplified by PCR and then expressed in 
the acrystalliferous strain BMB171. SDS-PAGE analysis confirmed the predicted 
molecular mass for the Cry7Aa2 protein and revealed that, after in vitro trypsin 
incubation, it was degraded to a toxin of 62 kDa. However, when treated with 
digestive fluids from Leptinotarsa decemlineata larvae two proteinase-resistant 
fragments of 60 and 65 kDa were produced. Spore and crystal mixture produced 
by the wild-type BM311.1 strain against L. decemlineata neonate larvae resulted in 
a LC50 (18.8 µg/ml), which was statistically equal to the estimated LC50 (20.8 
µg/ml) for the recombinant BMB17-Cry7Aa2 strain. In addition, when this novel 
toxin was activated in vitro with commercial trypsin, the LC50 value was reduced 
4 times approximately (LC50 = 4.9 µg/ml). The advantages of Cry7Aa2 protoxin 
compared to Cry7Aa1 protoxin when used in the control of insect pests are 
discussed. 
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INTRODUCTION 
Bacillus thuringiensis (Berliner) (Bt) is an ubiquitous spore-forming bacterium 
which has been isolated from very diverse habitats including plant substrates, 
aquatic environments, animal excrements, poultry farms, dust from storage and 
mills, dead and living insects among other sources (Martin and Travers 1989; 
Iriarte et al., 1998). The entomopathogenic capacity of this organism lies in its 
ability to synthesize crystalline protein inclusions that have insecticidal activity 
when ingested by a susceptible host (Höfte and Whiteley 1989). The toxicity 
spectrum of individual crystal proteins is usually limited to a number of species 
of the same order, although B. thuringiensis as a species is toxic for an increasing 
number of insects belonging to different orders (Lepidoptera, Diptera, 
Coleoptera, Hymenoptera, Orthoptera, Hemiptera, etc. as well as other 
invertebrates such as nematodes  and mites (Wei et al., 2003, Frankenhuyzen 
2009). Bt crystals are composed of Cry proteins, which are characteristically 
present in all Bt strains and show specific insecticidal activity, and Cyt proteins 
with cytolytic activity that are only found in the crystals of a small number of Bt 
strains. Cry proteins are the most diverse and numerous group of insecticidal Bt 
proteins. The Cry proteins described to date have been classified, according to 
the similarity of their respective amino acid sequences, into 78 families (from 
Cry1 to Cry78) and a larger number of subfamilies 
http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/ that comprise more 
than 800 toxins. An extensive number of these toxins have been described in 
recent years thanks to the availability of new molecular tools as well as the 
growing interest in the discovery of Bt toxins, with novel insecticidal 
characteristics (Dong et al., 2016). 
The Cry proteins in the crystal are inactive protoxins, the toxicity of which 
depends on adequate solubilization and subsequent proteolytic digestion, like it 
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occurs in the midgut of a susceptible insect (Thomas and Ellar 1983; Hofmann 
and Lüthy 1986). The peptides that are resistant to proteolytic digestion are active 
toxins that bind to specific receptors on the brush border membrane of the gut 
epithelium, generating pores that cause epithelial cell lysis, paralysis of the 
digestive system and finally insect death (Schnepf et al., 1998). 
Cry proteins with demonstrated activity against coleopterans either belong to 
one of the 13 single-acting toxin families described so far (Cry1, Cry3, Cry6, Cry7, 
Cry8, Cry9, Cry10, Cry18, Cry22, Cry36, Cry43, Cry51, Cry55) or are part of the 
Cry23/Cry37 and Cry34/Cry35 binary protein families. The first Bt strain with 
specific toxicity to coleopterans was isolated in 1983 from Tenebrio molitor 
(Tenebrionidae) larvae (Krieg et al., 1983). The main component of the crystal of 
this strain and other related strains, are proteins of the Cry3 (Cry3A, Cry3B, and 
Cry3C) family with activity against several economically-important species, such 
as Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) (Haffani et al., 
2001; Park et al., 2009) and Diabrotica virgifera (Coleoptera: Chrysomelidae) (Park 
et al., 2009; Adang and Abdullah 2013). 
The Cry7 family, while being an alternative to Cry3 proteins against certain 
coleopteran species of the genus Cylas (Ekobu et al., 2010), also represents a source 
of active toxins for other insect species from different orders for which few or no 
Bt toxins have been reported to date eg. the locust Locusta migratoria manilensis 
(Wu et al., 2011). Cry7Aa1 was originally described by Lambert et al (Lambert et 
al., 1992) as the first Cry7 protein with silent activity towards L. decemlineata 
larvae. Currently, the Cry7 family comprises a total of 37 toxins, which are 
grouped into several subfamilies (Cry7A-Cry7L), but insecticidal activity has 
only been reported for a few of them. For example, Cry7Ab3 was reported to be 
active against the spotted potato ladybeetle, Henosepilachna vigintioctomaculata 
(Coccinellidae) (Song et al., 2008) whereas Cry7Aa1 showed high insecticidal 
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activity in larvae of Cylas brunneus and C. puncticollis (Brentidae). (Ekobu et al., 
2010) This diversity of species susceptible to Cry7 suggests that this family may 
represent an interesting source of toxins with novel insecticidal properties. 
The objective of this study was to determine the content of insecticidal genes 
present in the wild-type BM311.1 strain. The BM311.1 strain of Bt was isolated 
from an agricultural soil sample originating from a field of the Spanish province 
of Navarra as part of a country-wide screening program involving the isolation 
and characterization of Bt strains toxic to insects of agricultural importance 
(Iriarte et al., 1998). This strain was selected because it was found to be toxic to 
coleopterans and contained at least one cry7 gene in its genome (unpublished 
data). In the present study, the cry7 gene present in this strain was identified and 
cloned, and its contribution to the insecticidal potency of BM311.1 was 
determined. 
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MATERIALS AND METHODS  
Bacterial strains, plasmids and insect culture conditions 
The acrystalliferous Bt strain BMB171- was used as host strain for Bt protein 
expression (Li et al., 2000). For the routine gene cloning Escherichia coli XL1 blue 
was used, which was transformed with a slightly modified recombinant vector 
pSTAB (Park et al., 1999) (pSTABr), engineered with the gene of interest. Both 
BM311.1 and BMB171-Cry7Aa2 strains were grown in CCY culture medium 
(Stewart et al., 1981) under constant conditions of temperature (28 ºC) and 
shaking (200 rpm). E. coli strains were cultured at 37 ºC with shaking at 200 rpm 
in LB broth (1% tryptone, 0.5% yeast extract, and 1% NaCl, pH 7.0). When 
required for selective growth, medium was supplemented with appropriated 
antibiotics at the following concentrations: erythromycin (Em), 20 mg/l, 
ampicillin (Amp), 100 mg/l. 
A laboratory colony of L. decemlineata was established from adults collected from 
organic potato fields near Pamplona (Spain). This insect colony was maintained 
on potato plants in the insectary of the Universidad Pública de Navarra under 
controlled conditions of temperature, humidity and photoperiod (25±1 ºC, 70±5% 
RH, and L16:D8 h) and was refreshed whenever it was possible to collect adults 
from the field.  
Total DNA extraction and genomic sequencing  
Total genomic DNA (chromosomal+plasmid) was extracted following the 
protocol for DNA isolation from Gram-positive bacteria supplied in the Wizard® 
Genomic DNA Purification Kit (Promega, Madison, WI, USA) and DNA library 
was prepared from total DNA and subsequently was sequenced by llumina 
NextSeq500 Sequencer (Genomics Research Hub Laboratory, School of 
Biosciences, Cardiff University, UK).  
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Identification of potential insecticidal genes 
Genomic raw sequence data were processed and assembled using CLC Genomics 
Workbench 10.1.1. Reads were trimmed, filtered by low quality and reads shorter 
than 50 bp were removed. Processed reads were de novo assembled using a 
stringent criterion of overlap of at least 95 bp of the read and 95% identity and 
reads were then mapped back to the contigs for assembly correction. Genes were 
predicted using GeneMark (Borodovsky and McIninch, 1993).  
To assist the identification process of potential insecticidal toxin proteins, local 
BLASTP (Altschul et al., 1990) was deployed against a database built in our 
laboratory including the amino acid sequences of known Bt toxins with 
insecticidal activity, available at 
http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt (Crickmore et al., 1998, 
2019), as well as other proteins of interest such as the enhancins, 
metalloproteinases and mosquitocidal toxins available in GenBank. 
The software PlasFlow was used for prediction of plasmid sequences from the 
assembled contigs (Krawczyk et al., 2017). Alignments of crystal protein 
sequences were performed using MUSCLE v3.8.31 (Edgar, 2004). Prediction of 
structural conserved domains was carried out using CD-search (Marchler-Bauer 
et al., 2017). 
Amplification and cloning of a cry7Aa2 gene 
A cry7Aa2 gene was amplified by PCR from Bt genomic DNA using primers Fw-
NcoI (5´TCCCATGGGTAATTTAAATAATTTAGGTGGATATGAAGATAGTAATAG3´) 
and Rv-His-PstI (5´TCCTGCAGTTAATGATGATGATGATGATGACATAGCTCTTC 
CATCAAAAATAACTCTATAC3´) and Phusion High-fidelity DNA polymerase 
(NEB). A 6xHis tag was placed in the N-terminal end of the gene. PCR products 
were purified by NucleoSpin® Gel and PCR Clean Up kit (Macherey-Nagel Inc., 
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Bethlehem, PA) and ligated into the pJET plasmid (CloneJET PCR Cloning Kit, 
Fermentas, Canada). Ligation products were then electroporated into E. coli XL1 
blue cells by using standard protocols (Sambrook and Russell 2001). Colony-PCR 
was applied in order to check positive clones from which plasmid DNA was 
purified, using the NucleoSpinR plasmid kit (Macherey-Nagel Inc., Bethlehem, 
PA), following manufacturer's instructions. Subsequently, pJET plasmids were 
verified by sequencing (StabVida, Caparica, Portugal) and digested with the 
appropriate combination of restriction enzymes to allow cloning into the pSTABr 
vector. Fragments from NcoI and PstI were purified from agarose gels and ligated 
into de pre-digested pSTABr vector using the Rapid DNA ligation kit (Thermo 
Scientific) to obtain the recombinant plasmid pSTABr-cry7Aa2. Ligation products 
were then electroporated into E. coli XL1 blue cells by using standard protocols 
(Sambrook and Russell 2001). Positive clones were verified by colony-PCR and 
plasmids were purified and verified by digestion. Once pSTABr-cry7Aa2 was 
generated, it was introduced into the acrystalliferous Bt strain BMB171.  
Bacillus electrocompetent cells were generated by modifying a previously 
described protocol (Peng et al., 2009). Briefly, bacteria were grown in 300 ml of 
BHI broth at 28°C under shaking conditions (200 rpm) until the culture reached 
an OD600 nm value of 0.4. Glycine was added to the culture at 2% and bacterial 
cells were incubated for another hour, at 28 ºC, under shaking conditions (200 
rpm). Bacterial cells were then kept on ice for 5 minutes, centrifuged for 10 
minutes (9000 rpm, 4ºC) and the pellet was washed three times with F buffer 
(272mM sucrose, 0.5mM MgCl2, 0.5mM K2HPO4, 0.5mM KH2PO4 pH 7.2). The 
bacterial cells pellet was resuspended into 600 µl of ice-cold F buffer. Aliquots of 
50 µl were stored at -80 ºC. Plasmids were transformed into Bacillus by 
electroporation, as described previously (Lee, 1995). Positive clones were selected 
by colony-PCR. 
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Production of spores and crystals from wild and recombinant Bt strains 
For both, the wild-type BM311.1 and the recombinant BMB171-Cry7Aa2, single 
colonies from LB plates were inoculated in 500 ml of CCY sporulation medium 
(Stewart et al., 1981) supplemented with erythromycin for the recombinant strain 
and grown, at 28 ºC, under shaking conditions (200 rpm). Crystal formation was 
observed daily under an optical microscope at the magnification of x1000. After 
two or three days, when about 95% of the cells had lysed, the mixture of spores 
and crystals were collected by centrifugation at 9000 g, at 4 ºC, for 10 min. After 
being washed with a saline solution (1M NaCl, 10mM EDTA), the mixture was 
resuspended in 10mM KCl and kept at 4ºC until required. Protein quantification 
was performed by Bradford assay (Bradford, 1976) using bovine serum albumin 
(BSA) as standard.  
Analysis of crystal proteins  
The composition of the crystals produced by the wild (BM311.1) and recombinant 
(BMB171-Cry7Aa2) strains were analyzed both in their natural form and once 
digested with midgut fluids from L. decemlineata or commercial trypsin. A group 
of 10 larvae of L. decemlineata fifth instar larvae were forced to vomit to extract 
intestinal secretions and the pH of collected fluids was measured by 
MColorpHastTM (VWR International, LLC). Aliquots of 25 µl of spore-crystal 
suspension were mixed with 5 µl of insect gut juice and incubated for 2 hours at 
37ºC and 200 rpm agitation. Another aliquot was solubilized in vitro in an alkaline 
solution (50mM Na2CO3/10 mM DTT, pH 11.3) for 15 min at 37 ºC and then 
digested with trypsin (Promega), using a 1/10 ratio (w/w) for 2 hours at 37 ºC. 
Samples of spores and crystals, both in their natural state and those previously 
digested by digestive fluids or trypsin, were mixed with 2x sample buffer (Bio-
Rad), boiled at 100 ºC for 5 min, and then subjected to electrophoresis as 
previously described (Laemmli, 1970), using Criterion TGX™ 4-20% Precast Gel 
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(BIO-RAD). Gels were stained with Coomassie brilliant blue R-250 (Bio-Rad) and 
then distained in 30% ethanol and 10% acetic acid.  
Leptinotarsa decemlineata rearing and bioassays 
The insecticidal activity of the spore and crystal mixtures of both Bt strains, 
BM311.1 and BMB171-Cry7Aa2, as well as the BMB171-Cry7Aa2 crystal proteins 
previously solubilized and trypsinized in vitro, were tested against L. 
decemlineata. The concentration-mortality responses were subsequently 
determined using five different protein concentrations, ranging from to 0.24 to 
150 µg/ml, in order to estimate the 50% lethal concentration (LC50). In all cases, 
small disks of potato leaves were dipped in the spore/crystal mixture, allowed to 
air dry and individually placed in wells of a tissue culture plate containing a layer 
of 1.5% (w/v) agar to prevent desiccation. Control leaf disks were treated 
identically but were not inoculated with crystal proteins. A 6-12 h old larva of L. 
decemlineata was placed in each well and incubated at 25±1 ºC. Insect mortality 
was recorded 4 days later. For each protein concentration and the control 24 
larvae were treated and the complete bioassay was performed on three occasions 
using different batches of insects from the colony. The results were subjected to 
Probit analysis (Finney 1971) using the POLO-PC program (LeOra Software, 
1987). 
Nucleotide sequence accession number 
The nucleotide sequence data reported in this paper have been deposited in the 
GenBank database under accession number SSWY00000000 for the BM311.1 
genome and MK840959 for cry7Aa2 gene.  
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RESULTS 
Draft genome sequence of the Bacillus thuringiensis BM311.1 strain 
The reads obtained from the genomic DNA of the BM311.1 strain were assembled 
and produced 359 contigs containing a total of 6,390,221 bp, with a maximum 
scaffold size of 276,646 bp, a N50 length of 55,361 bp, and 33.6 % GC content. The 
genome of strain BM311.1 contains three cry-like ORFs, two of them located in 
different chromosomal contigs while the third one was present on a plasmid. The 
two chromosomal ORFs shared less than 30% identity between them and, for 
each of them, the closest Cry protein, with less than 20% identity was the product 
of the cry60Aa gene, previously described by Sun et al., (Sun et al., 2013) (Table 1). 
Neither of these two proteins could be classified in any of the Cry families 
currently described in the Bacillus thuringiensis full toxin list (Crickmore et al., 
1998). The third ORF identified shared 98% identity with the cry7Aa1 gene 
(Lambert et al., 1992). Therefore, this new cry gene was classified within the cry7 
family and, according to the current nomenclature, has been named as Cry7Aa2. 
In addition, other potential virulence factors: one mosquitocidal toxin like, two 
bacillolysins and four peptidase M4 genes were detected in the genome of 
BM311.1 (Table1). 
Table 1. Insecticidal protein content of Bacillus thuringiensis BM311.1. 
Target database Identity (%) MW (kDa) Length (Nº residues) Predicted location 
Cry7Aa1 98 129 1138 Plasmid 
Cry60Aa1 18 35 322 Chromosome 
Cry60Aa3 19 33 303 Chromosome 
Mtx-like 94 57 515 Plasmid 
Bacillolysin 99 61 556 Chromosome 
Bacillolysin 96 98 893 Plasmid 
Peptidase M4 99 65 583 Chromosome 
Peptidase M4 99 62 567 Unclassified 
Peptidase M4 99 62 552 Plasmid 
Peptidase M4 99 61 566 Chromosome 
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Characterization of Cry7Aa2 
The recombinant BMB171-Cry7Aa2 strain harboring cry7Aa2 gene was able to 
form large inclusion bodies that could be observed under the optical microscope. 
The predicted molecular mass of the Cry7Aa2 protein was 129.4 kDa, which 
corresponds to the bands of approximately 130-kDa generated by SDS-PAGE for 
the spore/crystal proteins produced by both BM311.1 and BMB171-Cry7Aa2 
(Figure 1). When the Cry7Aa2 crystal protoxin was solubilized and activated in 
vitro with commercial trypsin, a fragment of approximately 62 kDa was 
produced. However, when treated with acidic digestive fluids (pH 5-6) of L. 
decemlineata larvae, two main bands of approximately 60 and 65 kDa were 
detected. 
 
Figure 1. SDS-PAGE analysis of spore and crystal proteins from Bt strains. (M) molecular weight 
marker in kDa; (1) Bt strain BM311.1; (2) recombinant Bt strain BMB171-Cry7Aa2; (3); BMB171-
Cry7Aa2 crystal protein solubilized and digested with trypsin; (4) BMB171-Cry7Aa2 crystal 
protein digested with digestive fluids from L. decemlineata. 
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The alignment of the deduced amino acid sequence of Cry7Aa2 with the known 
Cry7Aa1 protein revealed that the new protein had 28 different amino acids, 
which appear randomly distributed throughout the amino acid sequence of the 
protoxin (Figure 2). The analysis of the primary structure of Cry7Aa2 revealed 
the presence of eight conserved blocks and the classical structure of three 
domains (Figure 2). Two of eleven changes within domain I were located in the 
second block of conserved amino acids and three changes were located in non-
conserved blocks within domain II. From six changes detected within domain III, 
one of them was located in the fourth conserved block. Finally, only two different 
residues were located in C-terminal amino acid sequence, out of the three 
domains of the Cry7Aa2 protein. 
 
Figure 2. Alignment of the deduced amino acid sequence of Cry7Aa1 and Cry7Aa2. Non-
conserved amino acid residues are shaded. In dark and light grey horizontal bars are shown 
conserved blocks and structural domains, respectively. 
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Insecticidal activity of Cry7Aa2 for L. decemlineata 
To determine the insecticidal activity of Cry7Aa2, mixtures of spores/crystals 
from the wild type and recombinant strains and solubilized and trypsinized 
proteins from the trypsin activated (TA) strain were used. The protein 
concentrations produced by all the strains were normalized and an equal amount 
of each of them was used to run toxicity tests on newly hatched L. decemlineata 
larvae. A recombinant acrystalliferous strain carrying an “empty” plasmid and 
hence, unable to produce crystal, was introduced as a negative control. Following 
ingestions of crystal and spore mixtures from both the wild-type BM311.1 and 
the recombinant BMB171-Cry7Aa2 strains, L. decemlineata larvae showed high 
levels of mortality, whereas none of the control insects died. The estimated LC50 
values for BM311.1 and BMB171-Cry7Aa2 strains were 18.8 and 20.8 µg/ml, 
respectively (Table 2). However, the LC50 value for Cry7Aa2 protoxins activated 
with commercial trypsin was approximately 4-fold lower than when ingested as 
a component of the crystal produced by the recombinant BMB171-Cry7Aa2 
(Table 2).  
Table 2. Insecticidal activity of Bt strains. LC50 values and relative potency of Cry7Aa2 protoxin 
when ingested, by newly hatched larva of L. decemlineata, as a component of crystals produced 
by BM311.1 or BMB171-Cry7Aa2 or after toxin activation with trypsin. 
Bt strains / 
protein 
Regression lines LC50 
(µg/ml) 
Goodness of fit Relative 
potency (a) 
Fiducial Limits 
(95%) 
Slope ± SE Intercept ± SE c2 df Lower Upper 
BM311.1 0.63 ± 0.10 4.19 ± 0.13 18.89 0.99 3 1   
BMB171-
Cry7Aa2 
1.16 ± 0.19 3.46 ± 0.29 20.80 1.18 3 0.91 0.39 2.13 
BMB171-
Cry7Aa2-TAb 
1.99 ± 0.54 3.61 ± 0.53 4.93 1.02 2 3.83 1.57 9.33 
(a) The relative potency was expressed as the ratio of the LC50 value for each treatment and the 
LC50 value of wild-type BM311.1.  
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(b) TA: Trypsin Activated 
DISCUSSION 
The complete genome of B. thuringiensis wild strain BM311.1 was sequenced and 
annotated. This Bt strain contains three putative insecticidal Cry proteins. One of 
them showed a 98% amino acid identity with the Cry7Aa1 (Lambert et al., 1992) 
and was classified accordingly as Cry7Aa2 (Crickmore et al., 1998). This new gene 
was cloned and sequenced and the natural protoxin for which its codes was 
found to have insecticidal properties against larvae of L. decemlineata. The other 
two ORFs shared less than 30% identity and less than 20% identity with Cry60Aa, 
the protein with which they showed the highest identity. These genes need to be 
cloned and the corresponding proteins characterized in detail to determine their 
insecticidal potential. 
The SDS-PAGE analysis showed that the main crystal composition was 
represented by a predominant protein band of a molecular mass of 
approximately 130 kDa. According to the cry gene content of BM311.1 this band 
could only correspond to the expression of the cry7Aa2 gene with a predicted 
molecular mass of 130 kDa. However, this analysis did not detect the putative 
proteins encoded (predicted molecular weight of 33-35 kDa; Table 1) by the other 
two ORFs. Often the proteins encoded by certain cry genes are not part of the 
proteins that make up the crystal of a given Bt strain. This may be because these 
genes are not expressed, or the level of expression is below the detection capacity 
of the SDS-PAGE technique. Another possible explanation is that the proteins are 
expressed and secreted into the medium in which the bacteria grows, as is the 
case with Cry1I proteins (Tailor et al., 1992). It should be noted that SDS-PAGE 
shows a slightly smaller band in size for the Cry7Aa2 recombinant protein when 
compared to its wild type counterpart (Figure 1, Line 3). Although the only 
difference between them is the presence of a His tag (6xHis) at the C-Terminal of 
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the former, this could be enough to alter its ability to bind SDS and, hence, affect 
its migration on the gel. 
The complete ORF of the new cry7Aa2 gene was cloned and expressed in the 
acrystalliferous strain BMB171-. SDS-PAGE analysis of the spore/crystal mixture 
of this recombinant strain generated a predominant 130 kDa protein band similar 
to that generated by other proteins of the Cry7 family (Lambert et al., 1992; Song 
et al., 2008). When cry7Aa2 was expressed in BMB171, the resulting protein 
formed a parasporal crystal of a larger size than the one produced by the wild-
type BM311.1 strain. This result suggests that BMB171 strain may contain 
chaperones that improve the expression of the Cry7Aa2 protein, as has already 
been reported for other Cry proteins (Shao et al., 2001; Tang et al., 2003). It could 
also be attributed to the presence of transcriptional or posttranscriptional 
regulation in the wild type BM311.1 strain (Jurat-Fuentes and Jackson 2012). 
Despite the differences in the crystal size, the natural Cry7Aa2 and recombinant 
Cry7Aa2 showed comparable toxicity levels towards L. decemlineata larvae in 
addition to a similar proteolytic processing with the insect’s digestive fluids or 
commercial trypsin (data not shown).  
Amino acid sequence analysis of Cry7Aa2 showed similar characteristics to those 
of other proteins in the Cry7 family and differed in only 28 amino acid residues 
from its reference protein, Cry7Aa1 (Lambert et al., 1992). The difference in a few 
amino acids can produce very important changes in the insecticidal properties of 
Cry toxins. For example, a single amino acid variation between the Cry1Ia1 and 
Cry1Ia2 toxins has been associated with the different host spectra of these two 
proteins (Gleave et al., 1993). 
The bioassays revealed that the Cry7Aa2 protoxin was active against newly 
hatched larvae of L. decemlineata when inoculated as a crystal component 
produced by both the wild-type BM311.1 and the recombinant BMB171-
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Cry7Aa2. In contrast, Lambert et al., (Lambert et al., 1992) reported that the 
Cry7Aa1 protein showed silent activity towards larvae of L. decemlineata, i.e., the 
natural Cry7Aa1 protein was not toxic when ingested as part of the crystal, but 
was toxic once solubilized and activated in vitro. These results suggest that the 
lack of toxicity can be likely attributed to the lack of solubilization in the acidic 
digestive fluids of the coleopteran gut. In contrast, others have reported toxicity 
of Cry7Aa1 protoxin (Ekobu et al., 2010) and Cry7Ab3 protoxin (Song et al., 2012) 
in other species of Coleoptera that also had acidic digestive fluids, it seems 
reasonable to believe that the solubilization of Cry7 proteins must have involved 
factors other than pH. Although the solubilization of Cry proteins and their 
subsequent proteolytic digestion are determinants of toxicity, the interaction 
between the toxin and the appropriate midgut receptors is also necessary for the 
formation of the lytic pore (Bravo et al., 2007). Following incubation with insect 
digestive juices the Cry7Aa2 protoxin produced two fragments of approximately 
60 and 65 kDa. In contrast, when this protoxin was digested with trypsin it 
produced a single toxic fragment of approximately 62 kDa. Interestingly, such 
fragment showed a toxicity 4-fold greater than when the toxin was activated in 
the midgut of L. decemlineata larvae. This indicated that the fragment was derived 
from Cry7Aa2 and that the different activation method may be the reason behind 
the augmented potency. 
The fact that the natural protein Cry7Aa2 was toxic when it is part of the crystal 
of the BM311.1 strain represents a clear advantage over the Cry7Aa1 protoxin for 
its use in bioinsecticide applications. However, both the Cry7Aa1 and Cry7Aa2 
proteins can be efficiently exploited in the construction of transgenic plants since 
this technology allows the peptide fragment encoding the toxin to be expressed 
directly instead of using the sequence coding for the protoxin. The Cry3 family 
or proteins have been frequently used as the active ingredient of a bioinsecticides 
as well as for the construction of transgenic plants for the control of coleopteran 
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pests (Perlak et al., 1993; Nowatzki et al., 2009; Park et al., 2009). Although 
resistance to Bt has not yet reached the prevalence reported in insects exposed to 
chemical pesticides, there is evidence that the extended use of Bt toxins may 
accelerate the appearance of insect resistance (Whalon et al., 1993; Bauer, 1995), 
so that the characterization of novel Bt toxins is an issue that will likely continue 
to attract the attention of insect pathologists and pest control researchers for the 
foreseeable future. 
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